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We study the effects of hadron phase on the collective flows of charmonia in heavy-ion collisions.
In Pb-Pb collisions, charmonia with high transverse momentum pT are produced by the primordial
hard process and then travel through the hot dense medium. In the semi-central centrality, the
anisotropic energy density of quark-gluon plasma (QGP) in the transverse plane is transformed to
the momentum anisotropy of the hadrons after the phase transition. Charmonia suffer different
magnitudes of dissociation along different paths in QGP and then scatter with light hadrons in the
hadron phase. We calculate both contributions and find that hadronic interactions can significantly
enhance the elliptic flows of charmonia especially the excited states in the high pT , which will
increase the elliptic flows of prompt and inclusive J/ψs with the decay process χc(ψ
′) → J/ψ X.
PACS numbers: 25.75.-q, 12.38.Mh, 14.40.Pq
I. INTRODUCTION
Charmonium consists of charm and anti-charm quarks,
it is produced in the initial hard scatterings of partons.
Therefore, charmonium has been considered as a clean
probe of the early stage of the hot medium created in
the heavy-ion collisions [1]. Thermal light partons in the
quark-gluon plasma (QGP) can dissociate charmonium
bound states with inelastic collisions and the color screen-
ing effect that the potential between c and c¯ quark is
screened by the light partons [2–7]. Charmonium dissoci-
ation rates induced by two mechanisms are positively re-
lated to the energy density of QGP. At the Large Hadron
Collider (LHC), QGP dissociations dominate the abnor-
mal suppression of charmonium yields compared with the
hadron inelastic collisions and the cold nuclear matter ef-
fects from the colliding nuclei.
In Pb-Pb collisions at the LHC, with abundant uncor-
related charm quarks in the QGP, new charmonia can be
generated through the combination of charm and anti-
charm quarks at the hadronization of QGP [8–11]. As
those charm quarks with color charges are strongly cou-
pled with the bulk medium, they carry collective flows
from the anisotropic expansion of QGP [12, 13]. This
collective flow of charm quarks will be inheritated to the
regenerated charmonium through c + c¯ → ψ + g [14].
More than half of the final charmonium production are
from the regeneration process in the low pT [14, 15], the
large elliptic flow has been observed in experiments [16].
In the high pT region where the regeneration contribu-
tion is absent, charmonia are mainly from the primor-
dial production. Those primordial charmonia are neutral
in color and less coupled with QGP. In the anisotropic
medium, charmonia suffer different magnitudes of disso-
ciations in different paths of QGP [17]. This results in the
anisotropy of charmonium momentum distribution when
they move out of the medium. This process contributes a
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magnitude of ∼ 2% in the elliptic flow of J/ψ in the high
pT in semi-central Pb-Pb collisions, which is far below the
experimental data from ALICE Collaboration [16]. With
different setups of the bulk medium, this effect does not
change obviously. There is another mechanism to gener-
ate the momentum anisotropy of charmonium in the high
pT region. In heavy-ion collisions, strong electromag-
netic (EM) fields are generated by the fast-moving nu-
cleus. Magnetic fields along a particular direction cause
transitions between different charmonium eigenstates in
the transverse plane. The ratio of charmonium states be-
comes different in the directions parallel and perpendicu-
lar to the magnetic field. With further QGP dissociations
on different charmonium states, the final momentum dis-
tribution of charmonia becomes anisotropic [18]. How-
ever, in the forward rapidity, the strength of EM fields
are strongly suppressed and its effect becomes small in
the forward rapidities. In this work, we focus on the
effects of hadron elastic collisions on the elliptic flows
of charmonia with high pT . Hadron phase appearing af-
ter the violent expansion of QGP, carries larger collective
flows compared with the early stage of the medium. Light
hadrons in the hadron phase can change the momentum
distributions of charmonia through elastic collisions.
We employ the transport model developed in the pre-
vious works for charmonium evolutions in QGP [14, 19]
and the Langevin equation for charmonium motions in
the hadron phase. In the transport model, all the cold
nuclear matter effects such as Cronin effect and the shad-
owing effect are included in the input of the transport
equation [20], and the hot medium effects such as par-
ton inelastic collisions and color screening effect are con-
sidered. In the hadron phase, charmonium evolution is
treated as the Brownian motion for simplicity. The drag
coefficients and the noise term in the Langevin equation
are estimated by a geometry scaling. We find that char-
monium elliptic flows in the high pT are significantly en-
hanced due to the hadronic collisions. We also check the
hadronic effect on bottomonium, and find that it is neg-
ligible due to the large mass and small drag coefficient
of Υ (1S). This paper is organized as follows. Transport
2model for charmonium evolution in QGP is introduced in
Section 2, Langevin equation for charmonium evolution
in the hadron phase is introduced in Section 3, Numerical
results and analysis are presented in Section 4. Section
5 gives the summary.
II. TRANSPORT MODEL IN QGP
The Boltzmann-type transport model has been devel-
oped to describe the evolutions of heavy quarkonia in the
heavy-ion collisions. It explains well most of the experi-
mental data consistently including the spectrum and the
collective flows of charmonia and bottomonia [3, 19–22].
Charmonium density in phase space f(t,x, ,p) evolves
as,
∂tfψ(t,x,p) + vψ · ▽xfψ(t,x,p) = −αfψ(t,x,p) + β
(1)
where two terms on the L.H.S represent the free stream-
ing of charmonium with a constant velocity vψ . ψ rep-
resents different charmonium states (J/ψ, χc, ψ
′). The
elastic collision term in QGP [23] has been neglected
in Eq.(1). Hot medium effects on charmonia are
parametrized in the function α and β. α is the disso-
ciation rate of charmonium in the hot medium, it de-
pends on the local temperature of QGP and also the
inelastic cross sections (g + ψ → c + c¯) between char-
monia and the thermal partons. This cross section is
obtained from the method of Operator Production Ex-
pansion (OPE) [24, 25]. In the formula of the inelastic
cross section, Charmonium in-medium binding energy is
also needed due to the color screening effect. We take
an in-medium binding energy for charmonium ground
state to calculate the dissociation rate α. For the loosely
bound excited states (χc, ψ
′), the results from OPE is
not reliable. We obtain the dissociation rates of char-
monium excited states by the geometry scale with the
ground state. These parameters are the same with our
previous works [14].
Meanwhile, with abundant charm and anti-charm
quarks doing Brownian motions in QGP, they may com-
bine into new charmonia with the restoration of heavy
quark potential in the low temperature region. The re-
generation rate of the reaction c+ c¯→ ψ+ g are propor-
tional to the densities of c and c¯ and also the Wigner func-
tion, β ∝ ρc(t,xc,pc)ρc¯(t,xc¯,pc¯)Wcc¯→ψg. Here Wcc¯→ψg
is connected with the dissociation rate through the de-
tailed balance. In our calculations, we take the strong
coupling strength between charm quarks and the bulk
medium, so that charm quarks reach kinetic equilibrium
in a short time and their momentum distributions satisfy
the normalized Fermi-distribution. The spatial density
of charm quarks is described with the conservation equa-
tion ∂µ(u
µρc(x, t)) = 0, u
µ is the four-velocity of QGP.
If we employ the non-thermalized charm quark distribu-
tions, the collective flows of regenerated charmonia and
D mesons in the low pT region will be slightly suppressed.
The distributions of primordial charmonia are propor-
tional to the thickness functions TA(B) of the two nuclei,
ft=0(xT ,pT , y|b) = TA(xT + b
2
)TB(xT − b
2
)
×
d2σppJ/ψ
dy2pipTdpT
Rs(xT ,pT , y) (2)
where b is the impact parameter, y is the rapidity. Ini-
tial momentum distribution of primordial charmonium in
Pb-Pb collisions is taken to be the distribution in pp col-
lisions d2σppJ/ψ/dy2pipTdpT with the modification of cold
nuclear matter effects [14]. Rs represents the shadow-
ing effect, given by EPS09 model [26]. At
√
sNN = 5.02
TeV, J/ψ prompt differential cross section is taken as
dσ
J/ψ
pp /dy = 5.0 µb in the central rapidity |y| < 2.4 and
3.25 µb in the forward rapidity 2.5 < |y| < 4 [27, 28].
Bulk medium transverse expansions are described with
(2 + 1) dimensional ideal hydrodynamic equations, its
longitudinal expansion is approximated as the Bjorken
expansion. For the equation of state, QGP is treated to
be an ideal gas of massless u, d quarks and gluons, and
s quarks with 150 MeV [29]. Hadron phase consists of
an ideal gas of all known hadrons and resonances. Two
phases are combined with a first-order phase transition at
the critical temperature Tc = 165 MeV. At
√
sNN = 5.02
TeV, the initial maximum temperatures of the QGP are
510 MeV and 450 MeV in the central and forward rapidi-
ties of Pb-Pb collisions [14]. Charmonium evolutions in
QGP and the hadron gas are closely connected with the
local temperatures T (t,x) and velocities uµ(t,x) of the
bulk medium.
III. EVOLUTIONS IN HADRON PHASE
In Pb-Pb collisions, QGP temperatures are high
enough to dissociate most of the primordially produced
charmonia, and the contribution of the hadron phase
seems to be less important for charmonium nuclear mod-
ification factor RAA. As hadron gas appears after the
phase transition, collective flows of light hadrons are
larger than that in QGP. Quarkonia can pick up col-
lective flows from the light hadrons by elastic collisions,
especially for those particles with large geometry size. In-
stead of considering charmonium elastic scatterings with
each kind of light hadrons, we approximate its evolution
in hadron phase to be the Brownian motion. All the col-
lision processes are parametrized in the drag coefficient
and the noise term in the Langevin equation. The classi-
cal Langevin equation for the charmonium motion in the
hadron gas is written as,
dp
dt
= −ηp+ ξ (3)
3where η and ξ are the drag force and the noise of hadron
gas on charmonium. For the minimal calculations, we
take the classical form of Langevin equation and neglect
the momentum dependence in both η and ξ [30]. ξ sat-
isfies the correlation relation
〈ξi(t)ξj(t′)〉 = κδijδ(t− t′) (4)
κ is the diffusion coefficient of charmonium in momen-
tum space, which is connected with the spatial diffu-
sion coefficient Ds by Dsκ = T 2 in the classical limit.
The drag force in Langevin equation can then be de-
termined by the Einstein fluctuation-dissipation relation
κ = mψTη. mψ is the mass of charmonium and T is
the local temperature of the hadronic medium. In the
formula, only one parameter, Ds for charmonium, is un-
determined yet. Hadron Resonance Gas (HRG) model
calculated the Ds of D meson as a function of tempera-
ture. It satisfies 4 . DDs (2piT ) . 10 in the temperature
region 0.8Tc < T < Tc [31], and the value of Ds(2piT ) in-
creases when the temperature drops down in the hadron
phase. We take the diffusion coefficient of D mesons in
the hadron phase to be DDs (2piT ) = 8 in the temperature
region 0.8Tc ∼ Tc, and the hadron gas reaches kinetic
freeze-out at Tkin = 0.8Tc. For the minimal calculation
of hadronic effects on charmonia, we extract the Ds of
charmonia by the geometry scale, Dψs = DDs × 〈rD〉
2
〈rψ〉2
. The
charge radius of D meson is approximated as 〈rD〉 = 0.41
fm [32]. The radii of charmonium ground state and the
excited states (χc, ψ
′) are approximated as 0.5 fm and
0.72 fm [4], respectively. Charmonium excited states
have larger elastic cross sections with light hadrons com-
pared with the situations of the ground state and D
mesons. This will increase the elliptic flows of prompt
and inclusive J/ψs in the high pT with the decay process
χc(ψ
′)→ J/ψX .
The Langevin equation for charmonium Brownian mo-
tions start at the critical temperature Tc when the ratio
of the hadron gas becomes larger than 50% in the mixed
phase. We generate charmonium particles event-by-event
at the time t = 0. Each of the primordial charmonium
evolves by the transport equation in QGP and by the
Langevin equation in the following hadron phase.
IV. ELLIPTIC FLOWS OF CHARMONIUM
The production of charmonia are dominated by the
regeneration in the low pT , while it is mainly from the
primordial production in the high pT . J/ψ elliptic flow
becomes large in the pT . 4 GeV/c due to the kinetic
thermalization of charm quarks and the regeneration pro-
cess. ALICE Collaboration presented the large elliptic
flow of inclusive J/ψ even at high pT [16], which can
hardly be explained by theoretical calculations of QGP
dissociation with anisotropic path length, whose contri-
bution is only about 0.02.
In the v
J/ψ
2 (see dashed line in Fig.1), as the regenera-
tion contribution in v
J/ψ
2 locates in the region pT . 4
GeV/c, the difference between theoretical calculation
(dashed line) and the experimental data in pT > 6 GeV/c
is not due to the lack of regeneration. Hadron phase
appears after the violent expansion of QGP, the collec-
tive flows become stronger. This may increase the v
J/ψ
2
through hadron elastic collisions. We employ different
diffusion coefficients for charmonia (J/ψ, χc, ψ
′) accord-
ing to their sizes to calculate their v2 in the hadron
phase. Both dashed and solid lines for J/ψ in Fig.1 al-
ready include the decay contribution from excited states
(χc(ψ
′) → J/ψX) after the evolutions in QGP and the
hadron phase. The experimental data is for inclusive
J/ψ including the B-hadron decay. Hadronic effects on
the elliptic flows of B hadrons have been studied [12], it
turns out to be small compared with charmonium excited
states.
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FIG. 1: Elliptic flows of primordial J/ψ as a function of
transverse momentum in cent.40-60% in
√
sNN = 5.02 TeV
Pb-Pb collisions. The dashed line is the v2 of primordial J/ψ
with only QGP dissociations. The solid line includes both
QGP dissociations and elastic scatterings with hadron gas.
Decay contributions (χc → J/ψX,ψ′ → J/ψX) are included
in both lines. The regeneration and B-hadron decay parts are
not included in the calculations. Experimental data is for the
inclusive J/ψ from ALICE Collaboration [16].
In the centrality of 40-60%, some of the charmonium
excited states can survive from the QGP dissociations,
and carry elliptic flows from the hadron gas due to the
larger elastic cross sections. This increases the v2 of pri-
mordial J/ψ in Fig.1. Considering that hadron elastic
collisions can increase the v2 of open heavy-flavor meson
by ∼ 2% [12, 13], we expect a larger effect in the situa-
tion of charmonium excited states because their mass are
smaller and the geometry size is larger. As Fig.1 shows,
hadronic effects increase v
J/ψ
2 from ∼ 2% to ∼ 7% at
pT ∼ 6 GeV/c, which explains the experimental data.
As theoretical calculations in Fig.1 already include the
decay process χc(ψ
′) → J/ψX , the difference between
dashed and solid line mainly comes from the hadronic ef-
fects on charmonium excited states. We emphasize again
4that in the low pT region (like pT . 4 GeV/c), v2 of
inclusive J/ψ is still dominated by the regeneration part.
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FIG. 2: Elliptic flows of primordial J/ψ as a function of
transverse momentum in cent.20-40% in
√
sNN = 5.02 TeV
Pb-Pb collisions. Dashed line is the v2 of primordial J/ψ
with only QGP dissociations. Solid line includes both QGP
dissociations and elastic scatterings with hadron gas. Decay
contributions χc(ψ
′) → J/ψX are included in both lines. The
regeneration and B-hadron decay parts are not included in the
calculations. Experimental data is for the inclusive J/ψ from
ALICE Collaboration [16].
Fig.2 shows the calculations in cent.20-40%. Hadronic
effects increase the elliptic flow of primordial J/ψ from
∼ 2.5% to ∼ 5%. The effect is a little smaller than that
in cent.40-60%. That’s because more of charmonium ex-
cited states are dissociated in QGP, their contribution
in the final v
J/ψ
2 is suppressed. In more central collisions
such as cent.5-20%, hadronic effects become smaller than
the situations in Fig.1-2. The supplements of the hadron
phase enhance v2 of primordial J/ψ, but they also reduce
the nuclear modification factor RAA(pT ) of primordial
J/ψ by ∼ 0.1 at pT & 6 GeV/c compared with the cal-
culations without the hadron phase [14]. This is slightly
below the experimental data.
In Fig.3, we also calculate the hadronic effects on
Υ(1S) (red solid line). As bottomonia are tightly bound
states, effects of QGP dissociations contribute only ∼ 1%
in the v2 of Υ(1S), which is smaller than the J/ψ.
Hadronic effects on Υ(1S) v2 is negligible because of its
large mass and the small geometry size. Besides, the big
difference between J/ψ and Υ(1S) elliptic flows in Fig.3
also indicates that the J/ψ elliptic flow in the high pT
should come from the final state interactions, instead of
cold nuclear matter effects [34]. This helps to understand
the origin of the charmonium collective behaviors in the
hot medium.
V. SUMMARY
We study the momentum anisotropy of charmonia with
both QGP and the hadron phase in Pb-Pb collisions. We
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FIG. 3: (Color online) Elliptic flows of inclusive J/ψ and
Υ(1S) as a function of pT in the forward rapidity 2.5 < y < 4
in cent.5-60%
√
sNN = 5.02 TeV Pb-Pb collisions. Theoreti-
cal calculations about J/ψ are the same with Fig.2. All the
decay contributions from excited states are included in both
calculations of J/ψ and Υ(1S). Regeneration part is absent in
the calculations. Experimental data are from ALICE Collab-
oration [33].
focus on the charmonia in the high pT where regenera-
tion contribution is negligible. Charmonium evolutions
are described by the transport model in QGP and the
Langevin equation in the hadron phase. We find that
in the semi-central collisions: (1) Hadronic collisions can
generate the elliptic flows of charmonium excited states,
at the cost of charmonium nuclear modification factor
being more suppressed in the high pT . This hadronic
effect also increases the elliptic flows of prompt and in-
clusive J/ψ in the high pT through the decay process
χc(ψ
′) → J/ψX ; (2) The big difference between the el-
liptic flows of charmonium and bottomonium is explained
with the hadronic effects, which also indicates that the
momentum anisotropy of J/ψ in the high pT comes from
the final state interactions, instead of initial cold nuclear
matter effects. Our theoretical calculations in hadron
phase are based on the classical Langevin equation, it
neglects the momentum dependence in the drag coeffi-
cient and the noise term. This simplification may affect
the quantity of v2(pT ) with hadronic effects, and needs
further development in the future works.
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